Abstract Resonant Bragg diffraction of soft, circularly polarized x-rays has been used to observe directly the temperature dependence of chiral-order melting in a motif of Mn ions in terbium manganate. The underlying mechanism uses the b-axis component of a cycloid, which vanishes outside the polar phase.
Introduction
An electronic state in which charge and magnetic polarizations coexist has been at the centre of materials science in the past decade. More work is needed to fully understand the phenomenon of multiferroicity, and to develop practical applications, notably controlling charges by applied magnetic fields and spins by applied voltages.
Two different mechanisms seem able to generate magnetically-induced polarization. First, exchange-striction appearing in nearly collinear spin structures [1, 2] . The coexistence of ferromagnetic and antiferromagnetic spin coupling introduces frustration in the system that is partially released by shifting the magnetic ions. Ions with antiparallel spins get closer, while ions having parallel spins are moved further apart. Such is the case of hexagonal HoMnO 3 [3] or orthorhombic RMn 2 O 5 (R = Tb, Ho, Dy) [4, 5, 6] . Secondly, a magneto-electric effect can arise from the Dzyaloshinskii-Moriya interaction [7, 8] . The D-M interaction favours orthogonal spins, and it may induce canting of nominally parallel spins deprived of inversion symmetry. In a magnetically-induced multiferroic, such as TbMnO 3 , the presence of a spiral magnetic structure induces polarization by shifting the oxygen atoms [9, 10] .
The latter mechanism has generated debate in the community, specifically on the role of the ionic displacements. Katsura et al first argued that a novel mechanism, based on a spin super-current ≈ S 1 x S 2 , was the source of the magneto-electric effect [11] . In this approach, the magneto-electric coupling is entirely arising from the non-collinear spin structure, without the need to invoke structural distortion that would break inversion symmetry (pure electronic contribution to electric polarization). Further theoretical work insisted on lattice distortions, and concluded that they should play a pivotal role in the physics of such materials [12, 13] . Experimentally the lattice distortions, if any, are minute and only recently with an elegant and sophisticated experiment Walker et al have shown that there are indeed lattice distortions in the polar phase of TbMnO 3 , even if only of few femto-meters for the Tb ions [14] . Malashevich and Vanderbilt [15] argue that the pure electronic contribution suffers an accidental cancellation due to the rotation of the Mn-O octahedral, but it is a relevant player for other phases or other multiferroics.
In light of the current debate, it is valuable to observe directly changes occurring in the electronic density at the onset of the multiferroic phase.
The technique of x-ray resonant Bragg diffraction is ideal to study fine modifications of the electronic structure [16, 17] . Being element specific, it provides accurate information on electronic degrees of freedom of the resonant ion, including those associated with charge and orbital ordering [18, 19] . It also provides a substantial enhancement of magnetic diffraction by x-rays, revealing fine details of the magnetic moment motifs. We complement previous x-ray studies [10, 14, 20] with resonant diffraction measurements performed at the Mn L 2,3 -edges in TbMnO 3 . For studies of electronic magnetism, the experimental technique of resonant x-ray Bragg diffraction we use has advantages over nonresonant diffraction that is difficult to exploit quantitatively, because uncertainty surrounds the deployment of a scattering length asymptotically valid in the Compton region of scattering [14, 19, 21, 22] .
To unambiguously detect and study chiral properties of TbMnO 3 we exploit circular polarization in the primary beam of x-rays. In addition, our communication reports corresponding results observed with linear polarization.
Intensities have been gathered with changes to the orientation (azimuthal angle) and temperature of the sample. We report equal amounts of data on the first and second harmonics of the Mn chiral order, which appear concomitantly with the magnetic order at 42 K and persists also in the polar phase appearing at 27 K.
In the next section, we confirm that the established magnetic structure for the multiferroic phase of TbMnO 3 is consistent with our data for the first harmonic. We encounter a shortcoming in a demonstration model of resonant diffraction, exploited by Hannon et al [23] because of its simplicity. Some discussion of the shortcomings has already been presented in the literature, but not in the case of an incommensurate magnetic structure [17, 24, 25, 26, 27] .
Thereafter, in Section 3, we develop a complete, atomic theory of diffraction by a circular cycloid and prove its correctness for intensities at the first and second harmonics, by rigorous tests against our data collected as a function of the azimuthal angle in Section 4. Melting of chiral order is the main topic in Section 5. Conclusions are gathered in Section 6.
Observations with linear polarization
Hannon et al [23] argued that electronic multipole events in x-ray diffraction provide sensitivity to magnetic properties of a material. A successful interpretation of data gathered at magnetic satellite reflections from a spiral antiferromagnetic motif in a holmium single crystal validated their argument. To this end, they reduced electronic structure to a stick-model, by imposing cylindrical symmetry, in which dipole and quadrupole contributions to scattering are all generated from a single material vector, z, assigned to a magnetic dipole. Expression (3) in [23] is the corresponding electric dipoleelectric dipole (E1-E1) scattering length, namely,
In (1), e (e') describes the polarization state on the primary (secondary) x-rays, depicted in Figure 1 , and F (j) s have the dimension of length and contain resonance denominators. The scalar contribution to (1) is independent of the direction of the magnetic dipole, and it adds to simple charge scattering. The second, dipole contribution depends linearly on z, and it produces first-harmonic satellites in diffraction by a spiral antiferromagnetic motif. The quadrupole contribution in (1) depends quadratically on the magnetic dipole, and can produce second-harmonic satellites (and a contribution to the scalar part).
It is clear that, intensity in the magnetic diffraction pattern depends on the motif of the magnetic moments and, therefore, on the orientation of the sample relative to the primary x-rays. If the sample has the crystallographic a-and b-axis in the plane of diffraction (ψ = 180 o ) we obtain from (1),
Here, θ is the Bragg angle shown in Figure 1 . If the sample has the crystallographic b-and c-axis in the plane of diffraction (ψ = 90 o ),
Terms in (2) and (3) The quantity ⏐fπ 'π ⏐ 2 is proportional to intensity in the π'π channel and our data are shown in Figure 2 , together with intensities in the remaining three channels. The selection rules established above hold for the first harmonic (0, τ, 0), and confirm that the established magnetic structure for the multiferroic phase [10, 28, 31] is consistent our data. In particular, there is no intensity at ψ = 180 o in the σ'σ channel and no intensity in the σ'σ and π'π channels at ψ = 90 o .
Different is the case for the second harmonic (0, 2τ, 0). At ψ = 180 o we have intensity in all four channels as expected, but at ψ = 90 o there is intensity in the two unrotated channels, π'π and σ'σ, in contrast with prediction from expressions in (3). Having more intensity in the π'π than σ'σ discard lattice distortions as a possible source of the observed intensity. In order to explain such a surprising result we move to a full description of resonant diffraction by a circular cycloid, leaving behind the restriction to cylindrical symmetry and the stick-model.
Circular cycloid
The stick-model (1) provides but a useful glimpse at the electronic content of diffracted intensities, although it is often used without questioning its strengths and weaknesses. Five years after Hannon et al [23] communicated their ground-breaking insight they published a brief account of a complete, atomic theory of resonant x-ray diffraction [24] . Electronic degrees of freedom are encapsulated in irreducible, spherical multipoles, which cannot be represented by a material vector, in the general case [25] . Our notation for a spherical multipole is 〈T
where the positive integer K is the rank and Q the projection, which satisfies 17, 27] . Angular brackets 〈 ... 〉 denote the time-average of the enclosed quantum-mechanical operator, i.e., a multipole is a property of the electronic ground-state. Multipoles are parity-even for an E1-E1 event under consideration, and (− 1) K their time signature.
Thermodynamic properties of multipoles serve to contrast the stickmodel of the previous section and spherical multipoles. One can make the identification z = (x, y, z) ∝ 〈T 1 〉, and the dipole 〈T 1 〉 is known to be a linear combination of spin, 〈S〉, orbital moment, 〈L〉, and a dipole that expresses magnetic anisotropy [32] . As for the thermodynamic properties of 〈T 1 〉 it might reasonably scale with the total angular momentum, 〈J〉. In the same vein, a quadrupole 〈T (ii) Using the identity C 2x 〈C For the purpose of calculating unit-cell structure factors, F, it is always convenient to construct linear combinations of multipoles that are even (A K,Q ) and odd (B K,Q ) functions of the projection, Q [34] and,
with α = 90 o for a Bragg wavevector parallel to the crystal b-axis. For a commensurate motif of multipoles, elements of symmetry in the space group will dictate the make-up of the electronic structure factor K,Q in (4).
To construct a minimal model of a cycloid in TbMnO 3 we seek guidance from the space group Pbnm in which Mn ions occupy sites 4b (standard setting Pnma, #62 [34] ) and find,
Here, β is the fractional wave-vector and C 2η denotes the operation of rotation Table I , we find K,Q proportional to In light of these findings we equate K,Q and 〈C K Q 〉 in (4), and the expressions,
define our minimal model of a circular cycloid for Mn ions in terbium manganate.
-(0, τ, 0) and f = 1; allowed contributions are, 
The dipole 〈C − isinθ cos(2ψ) A 2,1 + icosθ sin(ψ) B 2,2 . (7) A result for Fσ 'π is derived from Fπ 'σ by the change of sign to both A K,Q .
Quadrupoles in (7) contribute Templeton and Templeton scattering by a cycloid [30] . These contributions are omitted by Jang et al [10] without supporting evidence.
-(0, 2τ, 0) and f = 2; Recall that 〈C 1 〉 = 0, and allowed contributions are, 
The quadrupole 〈C 
and Fσ 'π is derived from Fπ 'σ by the change of sign to both A 2,Q . In contrast to (3), at the second harmonic Fσ 'σ can be different from zero at ψ = 90 o . This finding is in accord with data in Figure 2 .
Azimuthal-angle scans
-(0, τ, 0) Data are displayed in Figure 4 . They are compared to predictions for the f = 1 circular cycloid with structure factors (7) . Expressions for intensities in terms of structure factors, including circular polarization in the primary beam, can be found in reference [35] . Equation (10) is a specific example.
One can show that, 1,0 and 2,+1 are proportional to 〈T 1 0 〉, which is purely real, and 〈T inferred from a fit to data collected at 10 K, by when it has softened and amounts to 63% of its ideal value.
-(0, 2τ, 0) Data are displayed in Figure 5 , together with fits to intensities derived with expressions (9) . Inferred values of A 2,2 /A 2,0 and B 2,1 /A 2,0 in Table   II 
Observations with circular polarization
-(0, τ, 0) Dependence of the diffracted intensity as a function of circular polarization, P 2 , is proportional to Im.[(Fσ 'π )*Fσ 'σ + (Fπ 'π )*Fπ 'σ ]; see, e.g., [35] . Using expressions in (7) for the four unit-cell structure factors, the total intensity in units of ⏐A 1,0 ⏐ 2 is,
for ψ = 180 o . According to data in Figure 7 , t = − i〈C At the first harmonic, the temperature dependence of intensity is produced solely by dipoles provided corresponding quadrupoles are zero, or very small, and this appears to be the case from our data. The quadrupoles in question are entirely absent in a stick-model, used for the purpose of a first, simple demonstration by Hannon et al [23] .
-(0, 2τ, 0) We anticipate A 2,2 /A 2,0 purely real and B 2,1 /A 2,0 purely imaginary. Figure 7 for ψ = 180 o are consistent with these expectations. For dependence of the diffracted intensity on P 2 is controlled by Im.(B 2,1 /A 2,0 ), according to the expressions (9) , and the experimental evidence in Figure 7 is that it vanishes outside the polar phase. In this case, with f = 2, the dependence of intensity on temperature is produced by a ratio of quadrupoles.
Data in
This fact accounts for a temperature dependence of intensity that is different to the first harmonic, and results displayed in Figure 3 for an isotropic
Heisenberg magnet are indicative of such a difference.
Conclusions
Chiral order in a material is unambiguously detected by a probe with a matching characteristic, and we have used circularly polarized x-rays to detect such order in a single crystal of terbium manganate (TbMnO 3 ). Likewise, tuning the energy of x-rays to an atomic resonance of a manganese ion, the Mn L 2,3 -edges, means these ions and no others participate in the chiral order.
Diffraction as a function of rotation about the Bragg wavevector is entirely consistent with the diffraction pattern of a cycloid, using either primary linear or circular polarization. On this basis, we are able to demonstrate that melting of chiral order in the Mn motif, with increasing temperature, proceeds by a softening of the magnetic dipole-moment parallel to the b-axis of the crystal, and chiral order is absent outside the polar phase. Melting is observed in our data at both the first and second harmonics of the cycloid. Ab initio calculations of the energy dependence of the second harmonic could shed more light on the modification of the electronic structure occurring at the onset of the polar phase.
On the way, we make good shortcomings of a model of resonant x-ray diffraction originally exploited by Hannon et al [23] for its extreme simplicity, but that can lead to misleading results if applied with little or no questioning. 
